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Figure 1 Disciplinary knowledge tree of thermal management. The disciplinary system of thermal management presents a “root-trunk-branch-leaf”
structure. The root is fundamental physics, including quantum mechanics, solid state physics, statistical physics, fluid mechanics, thermodynamics, and
heat transfer; the trunk represents core methods, including chip-level, package-level, and system-level thermal management technologies, extending to
specific technologies such as near-junction microchannels, vapor chambers, thermal interface materials, immersion cooling, and spray cooling; the
leaves stand for cross-cutting application fields, involving integrated circuits, Al data centers, robots, new energy vehicles, commercial aerospace,
fusion energy, and quantum computing; the “unsolved problems” in the crown symbolize the openness of the discipline. This figure is based on the
author’s original idea and is drawn using Al tools
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Figure 2 The 30-year roadmap of DARPA thermal management programs (1991-2023). This timeline systematically presents the evolutionary
context of DARPA’s thermal management programs. In 1991, the “Diamond 3D MCM” program established thermal management as an independent
research direction for the first time. From 2008 to 2012, the “TMT” program deconstructed the thermal resistance chain into five key links for targeted
research. In 2012, the “ICECool” program pioneered a new paradigm of electrical-thermal-mechanical collaborative design. In 2023, DARPA launched
three major projects: Thermonat, Minitherms3D, and THREADS, pushing the research scale to the transistor level. This roadmap clearly reveals the
strategic transformation of thermal management from “passive response” to “active reserve”. This figure is drawn using Al tools
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Figure 3 (a) Schematic diagram of phonon transport as nanoscale heat carrier. (b) Schematic of phonon dispersion relations in silicon, where the
horizontal axis represents the wave vector and the vertical axis represents the frequency; different branches correspond to different vibration modes. (c)
Cumulative distribution of phonon mean free paths, indicating that the mean free path of phonons in silicon is approximately 300 nanometers with a
broad spectrum distribution. When the characteristic size of the device is smaller than the mean free path, phonons exhibit ballistic transport and
Fourier’s law is no longer applicable, requiring the solution of the Boltzmann transport equation. This figure is based on the author’s original idea and is

drawn using Al tools
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Figure 4 Interface thermal resistance — the “barrier” of heat transfer. When heat flows across the interface between two materials, phonons undergo
reflection, transmission and diffuse scattering, resulting in a temperature jump AT across the interface. Accordingly, the interface thermal resistance is
defined as R = AT/g. The bottom-right figure shows the physical pictures of the acoustic mismatch model (AMM) and diffuse mismatch model (DMM)
for predicting interface thermal resistance. Specifically, AMM assumes that the interface is atomically flat, and phonon propagation follows Snell’s law;
DMM assumes that phonons undergo completely diffuse scattering. Owing to atomic intermixing, chemical bonding and local stress at the real interface,
there exists a deviation of 30%—50% between the measured values and theoretical predictions. This figure is based on the author’s original idea and is

drawn using Al tools
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Figure 5 Panorama of thermal management across more than ten orders of magnitude. From 1 nanometer to 1000 kilometers, thermal management
engineers need to switch thinking across more than ten orders of magnitude. Nanoscale: phonon transmission coefficient (density functional theory);
Micrometer scale: microchannel boiling of chips (two-phase flow); Millimeter scale: thermal via array in packaging (thermal resistance network); Meter
scale: airflow organization in data center cabinets (CFD); 1000 km scale: orbital/constellation scale (here, ~1000 km refers to the orbital altitude and
spatial coverage of the satellite constellation, not the physical size of the thermal management object itself). Thermal management exhibits completely

different problem characteristics at different scales. This figure is based on the author’s original idea and is drawn using Al tools
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Figure 6 The power wall and thermal trap dilemma of 3D integration. (a) Historical development trend of power density. From 1974 to 2005,
benefiting from Dennard scaling, power density was kept under control but still increased gradually with transistor performance improvement. After
Dennard scaling broke down around 2005 and operating voltage could no longer be reduced, power density climbed to the peak of the “Power Wall”,
forcing the industry to shift toward multi-core architectures. By reducing per-core voltage and frequency, the overall power density declined somewhat.
Subsequently, as integration density continued to increase, chip power density rose again, approaching nearly 100 W/cm? by the 2020s, while local
hotspot power densities in advanced Al chips can even exceed 300 W/cm?. (b) Schematic of the thermal trap effect in 3D stacked chips. The lower chip
is covered by the upper chip, and heat can only be dissipated through narrow pathways at the edges, with cooling difficulty increasing non-linearly with
the number of stacked layers. This figure is based on the author’s original idea and is drawn using Al tools
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Figure 7 Three parallel paths in the material revolution for thermal management. The exploration of new materials for thermal management proceeds
along three parallel paths. Left: High-performance thermal interface materials (e.g., graphene, carbon nanotubes) aim to unblock the “bottleneck”
between the chip and the heat spreader, reducing contact thermal resistance. Middle: Among high-performance heat sink materials, diamond pursues
ultimate thermal conductivity, while the boron nitride family (h-BN, c¢-BN) provides thermal conduction with electrical insulation. Right: Cubic boron
arsenide (c-BAs) represents a more radical “two-in-one” concept—it is both a high thermal conductivity material (>2100 W/(m K)) and a semiconductor
with high electron mobility, turning the heat source itself into a high-performance heat conduction medium. These three paths correspond to the three
major objectives of interfacial transport, heat flux spreading, and source-side governance, respectively, jointly forming a complete landscape of the
material revolution in thermal management. This figure is based on the author’s original idea and is drawn using Al tools
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Table 2 Total power of advanced Al chips
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Figure 8 Power density evolution in data centers (2000-2030). From 2000 to 2020, the rack power density in data centers increased gradually from

2 kW/rack to 10 kW/rack, and traditional air cooling was sufficient to meet the cooling demand. From 2020 to 2025, driven by the rapid expansion of
artificial intelligence training clusters, the power density of H100 clusters exceeded 40 kW/rack, and that of Blackwell clusters reached 140 kW/rack.
The target for 2030 is expected to be 250 kW/rack. The physical limit of air cooling is approximately 25 kW/rack, and liquid cooling has become the
mainstream technical solution in high heat flux scenarios. This figure is based on data from the IDTechEx report “Thermal Management for Data

Centers 20262036 and is drawn using Al tools
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Figure 9 The spectrum of liquid cooling technologies. According to whether the coolant directly contacts the chip and whether a phase change occurs,
liquid cooling technologies are classified into four routes. Single-phase direct contact (% % % % % ): cold plate with water-glycol mixture, with the
highest maturity; two-phase direct contact (% % % v v¢): cold plate with dielectric fluid boiling, with improved heat dissipation coefficient; single-
phase immersion (% % % % 7¢): the entire server immersed in oil-based medium, with limited natural convection; two-phase immersion (% % ¥ 3¢ vr):
the entire server immersed in low-boiling-point dielectric fluid, supporting heat dissipation of 250 kW/rack via boiling phase change. This figure is

based on the author’s original idea and is drawn using Al tools
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Advances in thermal management: from micro/nanoscale heat
transfer to AI computing infrastructure
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Thermal management encompasses the integrated set of technologies and methodologies for actively designing, precisely
controlling, and systematically optimizing the generation, transport, distribution, and dissipation of heat within devices and
systems, ensuring that operating temperatures remain within safe, efficient, and reliable ranges. From smartphones, robots,
and artificial intelligence (AI) chips to data centers, new energy vehicles, and aerospace equipment, thermal management
has permeated every arena of modern technology.

However, thermal management is facing unprecedented challenges. The power consumption of a single Al chip has
exceeded 1200 W, approaching the power level of a household induction cooker. Power density per rack in data centers has
surged from the traditional 10 kW to 250 kW, far exceeding the limits of air cooling. Local heat flux now surpasses
300 W/cm?, several times that of a nuclear reactor core. When power consumption of a single chip exceeds 1200 W,
“cooling capacity is computing power” becomes the new industrial paradigm, and the “Power Wall” has become the
primary obstacle hindering the continued progress of Moore’s law.

An even more profound challenge lies in spanning scales: from quantum phonon transport at the 1 nm scale, to bubble
nucleation boiling in 1 um channels, to airflow organization in 1 m cabinets, and thermal control scheduling for satellite
constellations spanning 1000 km. Thermal management must establish a unified thermal order across more than ten orders
of magnitude in scale. This necessitates deep interdisciplinary collaboration involving condensed matter physics,
microelectronics, fluid mechanics, heat transfer, materials science, and computer science.

In 2022, the Chinese Academy of Sciences included “Thermal Management of Electronic Equipment” in its series of
disciplinary development strategies, marking the transition of thermal management from an engineering support function
to a fundamental field requiring national investment for systematic research. As a key foundation of “new quality
productive forces”, thermal management is undergoing an identity transformation from a “supporting role” to a “core
constraint”. The discipline has evolved from a passive “back-end engineering” approach to active “front-end thermal
design”, where cooling strategies must be integrated from the earliest stages of device architecture and layout planning.
Each technological breakthrough in thermal management will open new possibilities for AI computing, clean energy
development, and commercial acrospace advancement.

This article presents a comprehensive overview of the discipline, covering its definition and boundaries, historical
evolution from macro to nano, fundamental physics including phonon transport and interfacial thermal resistance, key
challenges in integrated circuits and Al data centers, and its strategic role as a core enabler of next-generation technologies.
It aims to provide a systematic introduction for readers interested in this dynamic and unfinished field.

thermal management, integrated circuits, Al data centers, phonon transport, interfacial thermal resistance, liquid
cooling technology
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